Vestibular dysfunction was linked to moderate-to-severe obstructive sleep apnea syndrome (OSAS) patients in literature. However, due to a lack of knowledge among valid and recent implementations conceived to study postural control on static posturography (SP) and vestibulo-ocular reflex (VOR) gain under physiological conditions (video Head Impulse Test; vHIT), the aim of this work was to integrate (i) VOR changes via vHIT implementation, (ii) postural arrangement by studying both classical parameters and frequency spectra (PS) and (iii) correlation between these findings, polygraphic (PG) and subjective scores along Dizziness Handicap Inventory (DHI) and Epworth Sleepiness Scale (ESS). Thus, 32 moderate-to-severe OSAS patients and 32 healthy subjects -studied by using PG, DHI and ESS -underwent vHIT and SP posturographic assessment. Analysis of variance was performed to disclose betweengroup effects and correlation analysis was implemented between otoneurological, PG, DHI and ESS values. OSAS group demonstrated a significant decay of VOR gain and an increase in both frequency spectra PS values, especially within the low-frequency interval, and in classical posturographic SP parameters. Further, positive and negative correlations between mean SaO 2 and gain and low frequency interval spectra PS were found, respectively. Strengthening previous hypothesis related to brainstem chronic hypoxemia phenomena affecting vestibular network, implementation of these data could generate future attentions (i) for screening under physiological conditions postural and vestibular detriments in OSAS subjects, especially exposed at risk settings, and (ii) among PG parameters, such as mean SaO 2 , to propose further reliable tools in monitoring postural and vestibular decay in these patients demonstrating PG parameters detriments.
IN TROD UCTI ON
Obstructive sleep apnea syndrome (OSAS) is the most common sleep disorder and is characterized by recurrent episodes of upper respiratory tract obstruction as either breathing cessation (apnea) or reduction of airflow (hypopnea) during sleep, heavy snoring and daytime sleepiness (Kayabasi et al., 2015) . From a clinical perspective, the long-term effects on cortical-subcortical functions of intermittent hypoxaemia, which is associated with the severity of OSAS, remain to be elucidated completely (Archbold et al., 2009) .
However, sleep fragmentation and deprivation have been proposed as mechanisms underpinning impairment in many systems, such as the cardiovascular system, the central nervous system (CNS) and the cognitive system, the latter including impairments of memory, executive functioning, attention and motor coordination (Archbold et al., 2009) .
The balance is maintained by the continuous and effective integration of vestibular, visual and proprioceptive information in the CNS (Redfern et al., 2001b) . All this sensorial information is processed in the cerebellum, enabling the centre of gravity to be supported and maintained by postural muscle contractions (Nashner, 1985) . From this perspective, through the use of static posturography (and related implementations) (Bougard and Davenne, 2014; Nashner, 1985) , evaluation of the possible contributions of vestibular, visual and somatosensory inputs to postural control throughout the day and its relationship with circadian rhythm is of great interest. In particular, considering time-of-day effects, the decrease during the day within the low-frequency band of postural sway spectrum (Nagy et al., 2004) , confirms that the visuo-vestibular system is highly affected by circadian rhythms and that the sensitivity of visual (De Gennaro et al., 2001 ) and especially of vestibular (Wolf et al., 1990) systems may improve throughout the day (Bougard and Davenne, 2014) .
Although there is still debate on this approach, and the results of previous clinical otoneurological assessments in OSAS groups were proved to be within a normality range (Kayabasi et al., 2015; Nagy et al., 2007) , studies based on sleep deprivation paradigms (which modify the level of sleepiness/vigilance) have reported that the vestibular system would be the sensory input most affected by an increase in the length of awake time (Avni et al., 2006; Bougard and Davenne, 2014; Liu et al., 2001; Morad et al., 2007) . Moreover, it has been shown that sleep deprivation in humans may induce an alteration in the posterior parietal cortex (Drummond and Brown, 2001 ), which plays a crucial role in processing vestibular information in relation to space representation and the regulating vestibulo-ocular reflex (VOR) (Quarck et al., 2006) .
Conversely, recent studies have demonstrated that vestibular dysfunction was significantly higher in the moderate-tosevere than in the mild OSAS groups (Gallina et al., 2010; Kayabasi et al., 2015) , and the damage caused by hypoxia in brain stem centres could be reflected in neurophysiological alterations and in a further worsening sleep apnea due to damage to the respiratory centres, creating a vicious circle (Mutlu et al., 2015) . Although these physiopathological aspects were confirmed further by low-frequency VOR analysis by caloric testing, no study was conducted by means of recent implementations conceived to test VOR gain under physiological conditions (i.e. the video Head Impulse Test; vHIT) (Moon et al., 2016; Schneider et al., 2009) .
As a potential link between dizziness and OSAS has been found in the literature with non-homogeneous results (Gallina et al., 2010; Kayabasi et al., 2015; Mutlu et al., 2015; Sowerby et al., 2010) , the purpose of the present work was to uncover vestibular-related disorders in moderate-to-severe OSAS subjects by integrating (i) VOR changes when detected via vHIT implementation, (ii) postural arrangement by studying both classical and frequency posturographic parameters and (iii) correlation between objective otoneurological findings, polygraphic (PG) parameters and subjective scales of daytime dizziness handicap and sleepiness.
MAT ERIALS AN D METH ODS Participants and study design
According to the American Academy of Sleep Medicine criteria (Berry et al., 2012) , OSAS patients underwent polygraphic PG cardiorespiratory monitoring and were staged as moderate-to-severe at the Sleep Disorder Centre of the University of Rome Tor Vergata.
We also enrolled a population of body mass index (BMI)-, gender-and age-matched healthy subjects serving as the control group (HC).
Both eligible OSAS and HC subjects were required to report negative anamnesis for malignancy, head trauma, neuropsychiatric disorders, metabolic, cardiovascular, endocrine, infectious and otoneurological diseases. The peripheral blood of OSAS and HC was tested for the usual parameters and neurological disturbances were excluded using the Mini Mental State Examination and Magnetic Resonance Imaging. Finally, no patient was pregnant or breastfeeding and all subjects taking drugs possibly affecting vestibular functions were excluded.
The study adhered to the principles of the Declaration of Helsinki and all the participants provided written informed consent after receiving a detailed explanation of the study, which was approved by the Independent Ethical Committee of the University Hospital of Rome 'Tor Vergata'.
Validated questionnaires
In order to fulfil the exploratory approach of the study, all OSAS and HC subjects completed the following:
The Italian Dizziness Handicap Inventory (DHI) version, including 25 items aimed at assessing patients' functional (nine questions), emotional (nine questions) and physical (seven questions) limitations by means a multiple choice scheme: 'yes' (4 points), 'sometimes' (2 points) and 'no' (0 points) (Nola et al., 2010) . The Epworth Sleepiness Scale (ESS), which is a widely validated and used questionnaire exploring daytime sleepiness (Johns, 1991; Vignatelli et al., 2003) .
Polygraphic (PG) testing
The recording montage included: nasal/oral thermistor and nasal pressure cannula to record airflow, snoring sounds, piezoelectric belts to detect thoracic and abdominal respiratory effort, finger pulse oximetry, heart rate and body position sensors. The following parameters were achieved from polygraphic monitoring. The apnea-hypopnia index (AHI) is defined as the ratio between the sum of all apneas (>90% reduction in airflow for >10 s) plus all hypopneas (>30% reduction in airflow >10 s) associated with ≥3% O 2 desaturation (Berry et al., 2012) and time in bed. In addition to AHI, also the following oxygen saturation (SaO 2 ) parameters were ª 2017 European Sleep Research Society measured: mean SaO 2 , lowest SaO 2 , mean SaO 2 desaturation (SaO 2 desat) and oxygen desaturation index (ODI) (number of oxygen desaturation ≥3% episodes per hour) (Liguori et al., 2015) .
Otoneurological testing
After a thorough clinical otoneurological examination (including pure tone audiometry and impedance, binocular electrooculography analysis with positional manoeuvres, Head Shaking Test (HST), clinical HST as well as limb coordination, gait observation and Romberg stance test), all OSAS and HC subjects underwent the following.
Video Head Impulse Testing (vHIT)
For vHIT measurements, the EyeSeeCam ™ System (Schneider et al., 2009) and the technique proposed by Blodow et al. (2013) were used. The vHIT results were classified as abnormal if two conditions were met: abnormal gain, according to the calculated normative data, and the presence of refixation saccades (revealed by visual inspection, according to Blodow et al., 2013) . As a robust characteristic to define a refixation saccade, we used peak acceleration. Refixation saccades were classified as covert if they occurred before the end of the head impulse and classified as overt afterwards. Amplitudes (s
À1
) and latencies (ms) of the identified refixation saccades and physiologically induced saccades were evaluated at peak eye velocity (s
). The average gain was calculated in agreement with previous quantitative studies ( Moon et al., 2016) and manufacturer software (OtoAccess ™ , Interacoustics, Middelfart, Denmark), as bilateral gain median values were recorded at 60 ms and extracted on a.xls file.
Static Posturography Testing (SPT)
Each patient was instructed to maintain an upright position on a standardized platform for static posturography (EDM Euroclinic, Bologna, Italy). The recording period was 60 s for each test [eyes closed (CE) or opened (OE)] while standing on both the platform and a 6-cm heightened AIREX â Balance-pad plus foam carpet (FC; Airex AG, Sins, Switzerland) 25% compression resistance, 20 kPa; apparent density 55 kg m 3 ; tensile strength 260 kPa); the sampling frequency was 25 Hz and the centre of pressure (CoP) was monitored during all the test recordings (Alessandrini et al., 2003 (Alessandrini et al., , 2006 . The classic posturographic parameters considered in our study were the trace length (length), surface of the ellipse of confidence (surf), mean velocity (avspe) of body sways with relative standard deviation (stdspe) and fastFourier transform (FFT) elaboration of oscillations on both the X (right-left) and Y (forward-backward) planes (Alessandrini et al., 2003 (Alessandrini et al., , 2006 . Time-domain oscillation signals (X and Y) were extracted from the original software manufacturer into.txt format and the FFT elaborations were acquired using Matlab software, MathWorks, Natick, MA, USA. In order to obtain FFT of X and Y oscillations, a core function (showed in Appendix S1) was implemented using the file.txt provided from the software manufacturer as input. A main script was realized to acquire the FFT for each patient related to four different conditions by accessing the Matlab function cited above. For each condition, the script returned a file containing the normalized value of the FFT for X and Y oscillations. Spectral values (power spectra, PS) of body oscillations were quantified on an.xls file for every frequency from 0.01 to 5.00 Hz (Alessandrini et al., 2003 (Alessandrini et al., , 2006 . Based on previous experience (Alessandrini et al., 2003 (Alessandrini et al., , 2006 , we subdivided the frequency spectrum into three groups: 0.01-0.70 Hz (lowfrequency interval; L); 0.70-1.00 Hz (middle-frequency interval; M); and 1.00-5.00 Hz (high-frequency interval; H). Within each frequency group, the spectral intensity was determined by adding the individual PS (Alessandrini et al., 2003 (Alessandrini et al., , 2006 .
Data handling and statistical analysis
Means and standard deviations (SDs) of all variables were calculated in both HC and OSAS groups.
In order to assess that data were of Gaussian distribution, the D'Agostino K-squared normality test was applied (where the null hypothesis is that the data are distributed normally).
A between-groups analysis of variance (ANOVA) was performed for each otoneurological, polygraphic PG and validated questionnaire Validated Questionnaires (VQ) variable. Age and gender were handled as continuous and categorical predictors, respectively. The significant cut-off level (a) was set at a P-value of 0.01. Bonferroni correction for multiple comparisons was used to test post-hoc significant main effects. Spearman's rank correlation then was performed between otoneurological, polygraphic PG and validated questionnaires VQ scores. A significant cut-off level (a) was set at a P-value of 0.05. In order to avoid familywise error, a Bonferroni correction for multiple comparisons was applied (STATISTICA version 7 for Windows).
RESULTS

Subjects
Thirty-eight consecutive moderate-to-severe OSAS patients were enrolled. Among these patients, two were using antidepressant drugs, two reported diabetes, one hepatitis and one history of alcohol abuse, and were excluded. Therefore, 32 right-handed moderate-to-severe OSAS patients (Table 1 ) met the eligibility criteria and were included into the study. The HC consisted of 32 right-handed BMI-, gender-and age-matched healthy individuals (Table 1) .
Validated questionnaires VQ and polygraphic PG scores
A significant between-groups effect (P < 0.01, corrected) showed an increase in DHI subsets and ESS scores as well ª 2017 European Sleep Research Society as in AHI, SaO 2 desat and ODI and a decrease in mean SaO 2 and lowest SaO 2 values in the OSAS group with regard to HC (see Table 1 for detailed results). In addition, a detailed history collection showed seven OSAS patients complaining of oscillopsia (21.87%) and nine (28.12%) of unsteadiness.
Otoneurological data
When comparing HC and OSAS PS results, a significant between-group effect (P < 0.01, corrected) was found and OSAS patients demonstrated higher values on the X and Y planes within the low-frequency interval in CE on the platform (CEXL, CEYL) and OE and CE on FC (CEXL-FC, CEYL-FC, OEXL-FC, OEYL-FC) within the middle-frequency interval in CE on both platforms (CEXM, CEYM) and FC (CEXM-FC, CEYM-FC) and within the high-frequency interval in CE on FC (CEXH-FC and CEYH-FC) (Fig. 1, Table 2 ). Further significant between-groups effects (P < 0.01, corrected) were found in both classical posturographic parameters and vHIT results. In particular, OSAS patients demonstrated higher values on RI both on the platform and on FC (RI, RI-FC), as well as on surf, length, avspe, stdspe in CE and both the platform and FC (Table 2) condition and a lower gain value (Fig. 2, Table 2 ). Within the vHIT results analysed on the 64 ears of the 32 OSAS patients, 37 ears (57.81%) had both covert and overt saccade components and only an overt or covert saccade was observed in the remaining 18 (28.12%) and nine (14.06%) ears, respectively. OSAS and HC subjects did not show any clinical otoneurological abnormality.
Correlation analysis
A positive correlation between gain and mean SaO 2 (r = 0.25, P < 0.05, corrected, Fig. 3a ) and a negative correlation between PS values on Y plane within the low frequency interval in CE on the platform (CEYL) and mean SaO 2 (r = À0.47, P < 0.05, corrected, Fig. 3b ) were found.
DISCUSSION
Relevant motor commands for vestibular-related reflexes are produced by the CNS through sensorimotor transformations merging several sensory modalities into a single frame of reference (Beraneck and Idoux, 2012) . In this light, central vestibular neurones, located in the brain stem, are responsible for the early integration and processing of vestibular and proprioceptive inputs (Beraneck and Idoux, 2012) . Further, recent literature has demonstrated reciprocal influences between these systems and the attention system (Fabbri et al., 2006; Gomez et al., 2008; Schlesinger et al., 1998) , autonomous nervous system and the circadian sleep-wake cycle (Beraneck and Idoux, 2012; Chokroverty, 2010; Lin and Young, 2014; Takahashi et al., 2010) .
The main interesting findings in the present study reside in the significant impairment in VOR gain (Fig. 2, Table 2 ) and classical posturographic parameters (Table 2) , FFT PS values (Fig. 1, Table 2 ), as well as in DHI and ESS scores (Table 1 ) detected in OSAS patients. With respect to evaluations by means of caloric testing (Gallina et al., 2010; Kayabasi et al., 2015) , any study previous protocol found a decreased VOR function in OSAS patients by using the vHIT implementation. Reflecting physiological vestibular function at relatively high frequencies (Blodow et al., 2013; Moon et al., 2016; Schneider et al., 2009) , this test allows a quantitative assessment of the lateral semicircular canal function and provides side-and receptorspecific information for the VOR (Blodow et al., 2013; Moon et al., 2016; Schneider et al., 2009) , resulting in an overall reduction of reflex gain in OSAS subjects, suggesting that OSAS patients, when compared with HC subjects, have a peripheral (although not evident by means of a clinical otoneurological examination) vestibular disorder. Merging these aspects with OSAS DHI behaviour and symptoms such as oscillopsia and unsteadiness, it could be suggested that these patients, when compared with HC subjects, have a peripheral (although not evident by means of a clinical otoneurological examination) vestibular disorder.
Although the literature regarding VOR changes in sleepdeprived patients remains unclear (Lin and Young, 2014) , present VOR decay results strengthen previous studies involving OSAS patients in which VOR gain and sacculocollic reflex were found to be impaired using caloric testing (Gallina et al., 2010; Kayabasi et al., 2015) and vestibularevoked myogenic potentials (Mutlu et al., 2015) , respectively.
On one hand, some authors assessed that functional alteration of the vestibular nuclei may be an indicator of abnormal activity of the respiratory nuclei considering the anatomical contiguity of these centres and the susceptibility of the posterior labyrinth to a hypoxic state (Gallina et al., 2010) . It was stated previously that the chronic hypoxic state related to OSAS sleep deprivation resulted in the development of a progressive reduction in vestibular function (Sowerby et al., 2010) . Moreover, it was suggested that -if the peripheral vestibular system becomes asymmetric due to hypoxic damage -the central vestibular system (probably more resistant to the hypoxic state) corrects this disequilibrium between the two sides (Gallina et al., 2010) . On the other hand, Ventre-Dominey et al. (2003) observed that unilateral lesion of the temporo-parietal joint cortex -the activity of which during attentional tasks is altered by sleep deprivation (Drummond and Brown, 2001 ) -is also involved in regulating VOR gain. According to previous literature (Quarck et al., 2006) , it may be supposed that sleep deprivation may gradually reduce the VOR gain by unsettling neural streams at multiple levels. However, this effect could only become significant in the case of long-lasting deprivation and could be masked by activation of the system for redirecting attention when sleep deprivation remains of short duration (Quarck et al., 2006) . In line with these findings, FFT PS values increase within the low-frequency interval demonstrated to be congruent with the above-mentioned peripheral vestibular damage in OSAS. Body sways at the low frequency interval are recognized to be mainly under vestibular control (Alessandrini et al., 2003 (Alessandrini et al., , 2006 Yoneda and Tokumasu, 1986) and patients with peripheral vestibular deficits (i.e. vestibular neuritis, Meni ere's disease) were shown to have increased body sways within this interval compared with normal subjects (Alessandrini et al., 2003; Yoneda and Tokumasu, 1986) . Furthermore, increased body sways within the middle-highfrequency interval and in classical posturography parameters tend to confirm similar findings in previous studies, resulting in a decreased ability to adapt to balance perturbations both under sleep deprivation (Avni et al., 2006; Beraneck and Idoux, 2012; Fabbri et al., 2006; Gomez et al., 2008; Liu et al., 2001; Morad et al., 2007) and among subjects with chronic sleep restriction (Karita et al., 2006) .
As noted previously (Beraneck and Idoux, 2012) , the integration of information from the visual, vestibular and somatosensory receptors and motor coordination are processes known to require attention and vigilance (Bougard and Davenne, 2014; Fabbri et al., 2006; Gomez et al., 2008) , especially when information from any of the sensory systems is not reliable (Redfern et al., 2001a) . Hence, OSAS patients' chronic sleep restriction and related attention and vigilance decrease may lead to slower or inappropriate sensory integration (Beraneck and Idoux, 2012; Bougard and Davenne, 2014) . In turn, this process could also result in affecting the ability underlying the most efficient adjustments of movements involved in postural sway regulation (Beraneck and Idoux, 2012; Bougard and Davenne, 2014) .
Hence, chronic sleep restriction occurring among OSAS patients, and the accompanying decrease in attention and vigilance, may lead to slower or inappropriate sensory integration, which also affect the ability underlying the most efficient adjustments of movements involved in postural sway regulation (Beraneck and Idoux, 2012; Bougard and Davenne, 2014) .
In the present study, DHI (and relative subitems) and ESS scores were shown to be increased statistically in OSAS patients when compared to HC subjects (Table 1) . These findings are in line with the study by Kayabasi et al. (2015) , and highlight further the subjective perception of lack of both daytime alertness and dizziness handicap. However, no correlation was found between these tools and objective otoneurological and polygraphic PG parameters. The lack of this kind of association could be conditioned by diverse aspects, such as the subjective assessment of ESS and DHI (which can be influenced by different factors, i.e. depression) and the poor ESS correlation observed in the literature with objectively measured sleepiness (Chervin and Aldrich, 1999; Degache et al., 2016) . Conversely, a positive correlation between gain and mean SaO 2 and a negative correlation between CEYL and mean SaO 2 were found (Fig. 3) , depicting possible positive and negative influences between mean SaO 2 and VOR gain and CEYL, respectively. This findings could: (i) further strengthen previous hypothesis (Gallina et al., 2010; Kayabasi et al., 2015) assessing vestibular network -due also to contiguity to the brain stem respiratory nuclei and/or dependency of vestibular cortical areas (Drummond and Brown, 2001; Mutlu et al., 2015; Quarck et al., 2006; Ventre-Dominey et al., 2003) -vulnerable to OSAS chronic hypoxaemia in VOR and vestibulo-spinal reflex ª 2017 European Sleep Research Society progressive decay, and (ii) suggest mean SaO 2 as one of possible reliable parameters in physiopathologically driving and clinically monitoring OSAS vestibular reflexes impairments.
In conclusion, the present findings could generate future attentions for screening postural and vestibular detriments in OSAS subjects, especially exposed at risk settings, and suggest further research to disclose possible dizzinessrelated symptoms improvements connected with the various therapeutic chances, the most reliable of which is represented by C-PAP.
STREN GTHS AND L IMITATI ON S O F THE STUDY
In the present study we performed an ANOVA model aiming at studying outcomes using a powerful between-group effect. Conversely, a possible limitation of the study could be represented by Bonferroni's multiple correction applied as a post-hoc test to both ANOVA and Spearman's correlation, possibly increasing the likelihood of type II statistical errors.
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